Abstract: This study consisted of field tests conducted on nine vertical and three inclined low-pressure-grouted anchors to investigate their behavior in gravel. An anchor can be categorized as a deep anchor when the overburden depth (free length) Z exceeds 8D (D is the diameter of the anchor). The shape of the heave on the ground surface of a shallow anchor is similar to a normal distribution curve. The extended diameter of the heave was between 170 and 300 cm, which could be divided into two zones, primary and secondary, based on the failure mode of the ground. As the fixed length of a shallow anchor increased, the extended diameter also increased. The ultimate load on an anchor increased with the free length and, to a greater degree, with the fixed length of an anchor: a fixed length of only 3 m generated an ultimate load of over 1100 kN. However, the permissible load, determined from the creep coefficient, is inapplicable for short anchors in gravel. The earth pressure coefficient K of vertical anchors was approximately 29 and for an anchor shaft inclined at 25º it was approximately 17.7.
Introduction
To overcome problems of settlement and bearing capacity, the construction of high-rise buildings in urban districts frequently employs deep excavations. Deep excavations are currently supported by diaphragm walls with internal braces or tieback anchor support. A system of tieback anchors offers substantial economic advantages in excavations of a large area. Difficulty working in an available space and increases in expenditure are commonly associated with a complex internal brace system in excavations with an irregular area or an unsymmetrical cross section. In such situations, the use of a tieback anchor system is most effective. However, vertical anchors are employed to tie down the basement against groundwater uplift pressure or to counterbalance the eccentric loads that act on the foundation mat, particularly in areas such as the Taichung Basin, which has a high groundwater table.
Taichung City and Taichung County in Taiwan combine to form a megacity. A subway and underground railway system and major buildings such as the International Convention and Exhibition Center (ICEC), with an area of 20 000 m 2 , are in the planning stages. These infrastructures require deep excavations.
Because reliable experience designing anchor systems appropriate to the gravel formation of the Taichung Basin is lacking, an understanding of anchor behaviors is necessary to maintain safety during excavations.
Anchor behavior in sandy soils has been investigated extensively. Liao et al. (1996) performed a series of model tests on underreamed anchors, concluding that anchorage capacity increases linearly with the overburden depth. Liao and Hsu (2003) found that, for a straight anchor, if the length/diameter ratio, L/D, exceeds 100, then a progressive yield of friction stress is exhibited between the anchor body and the soil. Su and Fragaszy (1988) defined a shallow or a deep anchor, observing the development of the heave on the ground surface when a shallow anchor was pulled.
Few studies have included pullout tests conducted in gravel formations. Ostermayer and Scheele (1977) executed a series of anchor tests in sandy gravel and gravel sand, demonstrating the relationship between the ultimate load and fixed length. Masuda et al. (1997) measured skin friction in sandy gravel. Rollins et al. (2005) , who evaluated the side friction of drilled shafts in gravel soils, concluded that measured capacities were typically two to four times higher than predicted at sites where the gravel fraction exceeded 50%. Hsu and Chang (2007) , who used 17 gravity-grouted anchors in a gravel formation with gravel content of approximately 80%, investigated the failure mechanics of shallow anchors. Figure 1 displays the location of Taichung City, the gravel sampling sites (data of sites 1-4 are from Chang (2001)), and the anchor test site. In the Taichung Basin, gravel is present at 2 to 4 m below the surface, the gravel thickness exceeds 100 m, and the anchorage behavior in the gravel remains poorly understood. Hsu and Chang (2007) implemented a test program of gravity-grouted anchors in gravel; however, gravity-grouted anchors are seldom used in the Taichung Basin. Pressure-grouted anchors are commonly adopted in the Taichung Basin instead.
This work consisted of in situ pullout tests conducted on full-scale anchors. Twelve anchors were adopted to elucidate the behaviors of both vertical and inclined anchors in gravel. The heaves of the shallow anchors were measured, and the ultimate loads were recorded and compared. This study provides information that is useful in the design of anchors in formations of high gravel content.
Geological conditions of Taichung Basin
Midwestern Taiwan, in particular the Taichung Basin, has a variety of gravel formations. The gravel formations comprise gravel with occasional thin layers of interlaid sand or clay. Figure 2 displays the typical grain-size distribution in six locations in Taichung. Chang (2001) obtained results for four locations; the cross symbol in Fig. 2 represents an average over three sets of grain size at the ICEC site; the solid diamond symbol plots an average over two sets at the anchor test site. The proportions of gravel, sand, and fine content are 78%-91%, 8%-15%, and 1%-7%, respectively. The gravel formations can be classified (according to ASTM 2006) as poorly graded gravel (GP) or well-graded gravel (GW). All the gravels are quartzite and hard, with a uniaxial compressive strength of 120-190 MPa. According to the in situ large direct shear test with dimensions of 1.5 m × 1.5 m (Chu et al. 1989) , the apparent peak and residual friction angles were approximately 54.3°and 44.9°, respectively.
The anchor test site investigation was conducted on the ground in Fu-Shang Alley, Hsi-Tun District, Taichung City (Fig. 1) . Based on an investigation of the site in which 23 boreholes were drilled, the profile of the test site could be divided into three layers. Figure 3 displays the subsurface profile of two boreholes in the anchor test site. A layer of 1.5-1.8 m of backfill and a layer of 0.3-0.4 m of silt or silty sand (ML or SM) were observed. The gravel formation was underneath; the percentage of gravel was approximately 87%; the effective size D 10 (soil particle diameter in the grain-size distribution curve corresponding to 10% finer) was 0.22 mm. The gravel was classified as GP or GW, with an average unit weight of approximately 21.5 kN/ m 3 , and a standard penetration test (SPT)-N value always exceeding 100. The depth of the water table in the test site exceeded 8 m.
Construction and testing of anchors
To obtain more accurate results, the dimensions of the anchors, parameters influencing the test results, assembly of the strand system, installation of the anchors, and test procedure must all be considered.
Anchor dimensions
Vertical anchors with a free length (overburden depth) Z of 0-3 m, a fixed length L of 1-3 m, and a diameter of D = 12 cm were employed. Figure 4a displays nine vertical anchors. An investigation of the anchor dimensions was conducted as follows:
1. Heaves on the ground surface were measured from the test 1 (T1) -test 3 (T3) anchors, with no overburden depth Z. 
Factors influencing test scheme
The impact of factors influencing the test plan was attenuated as follows:
1. Top soil and elevation -To eliminate the influence of top soil on anchorage behavior and ensure that the fixed ends of all anchors were located in the gravel, the soil above the gravel formation was excavated to a depth of 2.4 m below ground level. To avoid disturbing the stratum through overexcavation, elevation was controlled precisely. 2. Reaction base -Because the anchor was short and the overburden was shallow, installing the reaction base near the test anchor caused the reactive force during the pulling of an anchor to influence the actual pullout behavior. As determined by Huang (2004) , when the boundary width (from boundary to boundary) exceeded 30D (where D is the anchor diameter) for a tension anchor in gravel formation, no boundary effect was ob- served. Accordingly, as shown in Fig. 4c , the pitches of the reaction bases in area A exceeded 4 m and those in area B exceeded 5 m. Two parallel I-beams were established on the reaction bases and the ground heave and the extended diameter were monitored using this setup. 3. Influence of anchor groups -To prevent overlap of the stressed zones of soil surrounding the pulled anchors, we referred to the Chinese Institute of Civil and Hydraulic Engineering (CICHE 2001) , which contains all the codes stipulating the spacings between anchors. According to Table 1 , a horizontal spacing of 2 m is required between neighboring anchors. Hsu and Chang (2007) found the maximum extended diameter (310 cm) of the heave on the ground as shallow anchors were pulled. Consequently, the spacing between each pair of anchors exceeded 4 m, as shown in Fig. 4c . Figure 5 presents the anchor used in the experiment, with double protection from erosion. The anchor assembly comprised numerous important components, such as the polypropylene-coated strand (12.7 mm Ø) of the free end to prevent erosion and provide elastic elongation of the anchor; a smooth polyethylene duct offering additional protection at the free end; spacers of two sizes to space out the strands at the fixed end; a centralizer to maintain the strand assembly in a central position; an end cap to maintain the strands at a distance from the debris at the bottom of a borehole; a corrugated polyethylene duct and cement grouting to doubly protect the fixed end; a lower seal to prevent the cement mortar in the fixed end flowing into the free end of the anchor; and internal and external grout vents to ensure that the cement grouting fills both the inside and outside of the corrugated duct.
Construction and installation of anchors
The experimental anchor was constructed by drilling a 0.12 m diameter borehole to a predetermined depth using a drill casing. As the borehole was drilled, pressurized air was passed continuously down the drilling rod to flush in situ soil debris from the outside of the casing. Gravel in the drill hole was crushed into small pieces to ensure smooth flushing of the debris. After drilling to a pre-set depth, the casing was withdrawn and the steel strand assembly was inserted into the borehole. The effective size D 10 was approximately 0.22 mm based on the size distribution of the gravel formation in the anchor test site. Hydraulic conductivity k was governed by the sandy part of the gravel formation (k ¼ cD 2 10 , where c is a constant); therefore, a water-cement ratio, W/C, of 0.4-0.6 was deemed appropriate for the stratum. Consequently, the cement grout with a W/C of 0.5 was then injected through two grout tubes into the designated position, overflowing from two grout vents. A grouting pressure of approximately 1 MPa was applied after the end of primary grouting. Figure 6 shows the theoretical and actual grout volumes for anchors with various fixed lengths. The average of the actual grout volume is 15%-20% higher than the theoretical grout volume. Therefore, ratiocination was made that the grout permeates the gravel extensively, thereby providing increased anchorage capacity.
Experimental equipment and test procedure
Cement blocks were prepared during grouting. The compressive strength of the blocks exceeded 30 MPa 14 days after casting the cement blocks. Pullout tests were conducted after 3 weeks. Figure 7 shows the experimental setup for the pullout test for anchors in area A. For the shallow anchors to develop heave on the ground and eliminate the effects on the anchorage capacity of the deep anchors, the experiment was set up as follows (Fig. 7): 1. Two H-steel reaction bases were placed 4 m apart in area A, and two reinforced concrete reaction bases were spaced more than 5 m apart in area B. 2. Two bearing H-beams were then placed above and perpendicular to the reaction bases, and a reference beam was placed as a crutch to support the linear variable differential transformer (LVDT). 3. A lower bearing plate was set up above the bearing H-beams.
The load cell was then installed, and an upper bearing plate was fitted. 4. The steel strands were pushed through an anchor block, and gripping wedges were employed to lock the steel strands.
Following the aforementioned process, all anchors were stressed in five loading-unloading cycles. During each cycle, the stress load was maintained for 15 to 120 min, as specified by Deutsche Industrie Norm (DIN 1988) . After five complete loading cycles, the test anchor was stressed to failure. This procedure differed from that of Hsu and Chang (2007) , who halted their pull tests with deep anchors when the strands approached the yield load. Therefore, in this study, the actual ultimate load provided by the gravel was clearly determined.
Pullout test results
Anchor load and displacement were recorded and the heave on the ground surface was measured. The failure behavior of the anchors, the relationship between applied loads and their displacements, the parameters influencing anchorage behavior, the permissible load of each anchor, the behavior of inclined anchors, and the anchorage capacity were assessed. Table 2 presents information related to all 12 anchors, including their dimensions and pullout test results. All anchors were pulled out to failure, except for the T9 anchor, the strand of which was broken. This breaking load was not considered in the calculation of the anchorage capacity of the anchors. Soon after the T6 anchor was stressed to the peak load, the steel strands broke. Table 2 shows that a fixed length of only 3 m was capable of generating an ultimate load of over 1100 kN. Hence, a high anchorage capacity in a gravel formation could be obtained without using a long anchor. Such a high capacity was the result of the high internal friction angle of the gravel formation, the interlocking of particles, and the pressure grouting. As shown in Table 2 , the number of strands required for each anchor varied according to the dimensions of the anchor. Because of the limited space of the anchor body, no more than 10 strands could be installed in the body of an anchor with a diameter of 12 cm. Theoretically, each strand (with a nominal diameter of 12.7 mm and Young's modulus of 200 GPa) could withstand an ultimate load of 183 kN. However, from the T9 anchor, the breaking load per strand was 160-170 kN, because of scarring on the strands caused by the gripping wedges when pulling the anchor. Therefore, to increase the capacity (>1700 kN) of an anchor with a diameter of 12 cm, increasing the strength of the strands would be required. Su and Fragaszy (1988) suggested that if heave is observed on the ground surface as an anchor is pulled, the anchor can be categorized as a shallow anchor; otherwise, it is a deep anchor. For anchors T1-T3 with no overburden (free length) Z, the heave on the ground was easily observed, as shown in Fig. 8 . In this study, the initial ground surface elevation and the ground surface elevation after the anchor had been pulled to the residual state were also recorded. Figure 9 shows the shape of the heave of the T3 anchor on the ground -the shape of the heave is similar to a normal distribution curve. As displayed in Fig. 10 , the extended diameters for the T1, T2, and T3 anchors were 170, 190, and 300 cm, respectively. A greater fixed length was associated with a larger extended diameter.
Failure behavior of pulled anchors
Continuous pulling of an anchor through a particular distance (such as 22.5 cm for the T2 anchor) produced an obvious ruptured cone (Fig. 11) , close to the point of reflection of the heave curve (Fig. 9 ). This phenomenon is highly comparable to that observed by Su and Fragaszy (1988) . The diameters of the ruptured cones on the ground produced by anchors T1, T2, and T3 were approximately 80, 100, and 150 cm, respectively, or approximately half the extended diameter in each case. From the heave and rupture of shallow anchors (Figs. 8-11 ), the following conclusions can be drawn:
1. The primary influence zone is within the diameter of the rupture. The gravel within this zone provides the bulk of the ultimate load of an anchor. (1982) Four times the diameter of the anchor or greater than 1.5 m BSI (1989) Four times the diameter of the anchor; the common minimum spacing is greater than 1.5∼2 m PTI (1980) Six times the diameter of the anchor and greater than 1.2 m AASHTO (1992) Four times the diameter of the anchor and greater than 1.2 m DIN (1988) When the working load is 700 kN, the minimum spacing is 1 m; when the working load exceeds 1300 kN, the minimum spacing is 1.5 m. Otherwise, a pullout test on the anchor group is required to evaluate the minimum spacing. 2. The secondary influence zone is located between the ruptured diameter and the extended diameter. If the spacing between neighboring anchors is smaller than the width of the primary zone, then the anchorage capacity of these two anchors must be substantially smaller than that of two anchors with adequate spacing. From this viewpoint, the minimum spacing shown in Table 1 appears suitable for anchors in gravel formations. However, to prevent interference completely, the spacing between neighboring anchors must exceed the extended diameter.
For each tension anchor, the external load was applied from the top of the fixed end downward along the complete fixed length. According to the research by Chattopadhyay and Pise (1986) , the possible failure shape is the dashed line shown in Fig. 10 ; however, the actual failure shape is still unknown. The CICHE (2001) and Hsu and Chang (2007) suggestions were applied in this study, assuming the failure forms from the midpoint of the fixed length of the anchor. Accordingly, the extended angles of anchors T1, T2, and T3 were 60°, 45°, and 45°, respectively (Fig. 10) . These values are similar to those measured by Hsu and Chang (2007) . For anchors with a free length Z of at least 1 m (approximately 8D), no ground heave was observed, and such anchors were therefore classified as deep anchors. Figure 12a indicates the load-displacement relationships of shallow anchors (T1-T3). Initially, the pulled load increased rapidly with the displacement of the anchor head, reaching a peak value at a small anchor head displacement. Thereafter, the pulled load declined rapidly as the displacement increased. The pulled load eventually tended to a steady residual value. The residual load was substantially smaller than the peak load.
Load-displacement of anchors
As shown in Fig. 12b , the load-displacement curves of the deep anchors are similar to those of the shallow anchors, but both the peak load and residual load of the deep anchors appear to be substantially higher than those of the shallow anchors.
Parameter effects on anchorage capacity
The shear strength of gravel increases with overburden pressure. Figure 13 shows that anchorage capacity increases with the overburden depth, Z, of an anchor.
As the fixed length of an anchor increases, both the circumferential area and the shear strength of soil around the midpoint of the fixed length increase. Additionally, for anchors with short fixed lengths (L/D < 25), Liao and Hsu (2003) observed that no progressive yield of friction stress was exhibited along the interface between the anchor body and the soil. Hence, as displayed in Fig. 14 , the ultimate load increases, concaving upward with the fixed length. Figures 13 and 14 show that increasing fixed length L is a more appropriate option than increasing the overburden depth Z.
The results obtained by Ostermayer and Scheele (1977) and Hsu and Chang (2007) were compared with those yielded in the present study. As displayed in Fig. 15 , the ultimate load of Z = 0 in this study is close to that found in the dense gravel sand and sandy gravel obtained by Ostermayer and Scheele (1977) . Furthermore, the ultimate loads in this study were substantially higher than those measured by Hsu and Chang (2007) , despite the smaller drilled diameter of 12 cm in this study compared with the 15 cm in the Hsu and Chang (2007) study. These differences result from using a grouting pressure of 1 MPa, inducing the grout to permeate the gravel extensively. Therefore, applying even a small amount of grouting pressure can substantially increase the anchorage capacity of anchors in gravel formations. 
Comparison of inclined and vertical anchors
In Taiwan, the proving test of vertical anchors was performed on the ground surface prior to the excavation. There is an unreasonable design -many designers used the test result (ultimate load per unit fixed length) of vertical anchors to design the dimension of inclined anchors (tieback anchors). Therefore, this study provides experimental evidences to critique the unreasonable design.
To compare the behavior of vertical anchors with that of inclined anchors, three inclined anchors were installed with a dip of 25°, total length of 4 m, and fixed lengths of 1, 2, and 3 m. Figure 16 shows that for each anchor with a fixed total length, the ultimate load increased and concaved downward with a rise in fixed length. The ultimate load of the vertical anchors exceeded that of the inclined anchors because a greater dip of an angle indicated a greater overburden stress at a fixed length. However, the comparison of the capacities of the inclined anchors with respect to the vertical anchors should be based on key parameters, such as the effective overburden pressure or failure mode.
Permissible load of anchors
According to DIN (1988) , for each load increment, a timecreep displacement graph can be drawn for a test anchor. Creep coefficient K s can be determined from the graph, and the values of K s can be plotted against the applied load. In this investigation, the permissible load was determined when the creep coefficient K s was 2 mm. The field test results for the T1, T2, and T10 anchors could not be used to determine the permissible loads because these anchors actually demonstrated small creep displacement when the anchor load reached the maximal values. Table 2 presents an unexpected result -the permissible loads of more than half the anchors exceeded the ultimate loads because of the gravel formation characteristics with the tiny creep and short anchors. To estimate the permissible load under these conditions, an ex- tended line had to be adopted to yield K s = 2 mm, potentially increasing the permissible load. On-site tests seldom pull the anchor to the ultimate load; therefore, the permissible load was usually employed to determine optimal anchor dimensions. The permissible load determined by DIN (1988) should be followed carefully in the design of anchors in gravel formations. Ostermayer and Scheele (1977) and Hsu and Chang (2007) . 
